Abstract: Three-and four-hump InGaN-based white light-emitting diodes (LEDs) have been computationally investigated. The investigation includes three-hump LEDs precoated with green-and red-emitting quantum dots (QDs) and four-hump LEDs precoated with green-, yellow-, and red-emitting QDs. Results show scotopic/photopic (S/P) ratios 9 3.80 and color rendering indices (CRIs) ! 70 for three-hump LEDs and S/P ratios 9 3.90 and CRIs ! 70 for four-hump LEDs under a correlated color temperature (CCT) of 45 000 K. Furthermore, for both three-and four-hump LEDs under the condition of CCT 9 5000 K, optimal results in this paper exhibit capabilities of exceeding S/P ¼ 2:50 and simultaneously satisfying the criterion of CRI ! 70. Our simulation procedure is conducted under variations of nine CCTs, several wavelengths, and peak heights. Optimized results of S/P ratios and CRIs are identified and retained through filtering off a great number of unqualified candidates. Finally, present findings may help improve the quality of eye visions pertaining to LED illumination and help reduce the electrical energy consumption related to LED usage.
Introduction
For approximately a couple of decades, GaN-based white light-emitting diodes (LEDs) pre-coated with traditional phosphors (such as YAG : Ce 3þ ) have been developed and have become widely used, partly due to their compact sizes, life longevity, low energy consumption, and especially high luminous efficacies (LE) [1] - [3] . Recent advances in such white LEDs have been driven primarily by the availability and progresses in III-Nitride LEDs resulting in significantly improved device technology. Various approaches have been pursued to address charge separation issues in InGaNbased quantum wells [4] - [8] , material epitaxy optimization by using nano-patterned sapphire [9] - [11] , efficiency droop [12] - [16] , and light extraction [17] - [19] in III-Nitride LEDs. Some of these LEDs show the characteristic of LE 9 250 lm/W [20] . However, there exists another criterion, known as scotopic/ photopic (S/P) ratio that is intimately related to eye visions and energy savings [21] , [22] , and is defined as the ratio of a/b (a: luminous flux of a light source according to the Commission Internationale de l'É clairage (CIE) scotopic spectral luminous efficiency function; b: luminous flux of a
Experiments
In this paper, following parameters are considered: color rendering index (CRI) [26] , color quality scale (CQS) [27] , luminous efficacy of radiation (LER) [28] , correlated color temperature (CCT) [29] , and scotopic/photopic (S/P) ratio. Among them, the S/P ratio is emphasized, with its definition as [21] - [23] 
where K 0 denotes the luminous flux of a light source according to the CIE scotopic spectral luminous efficiency function; K stands for the luminous flux related to the CIE photopic spectral luminous efficiency function; SðÞ is the spectral power distribution (SPD) of a light source; V ðÞ is the normalized CIE photopic spectral luminous efficiency function; V 0 ðÞ is the normalized CIE scotopic spectral luminous efficiency function. For human light-adaptive vision, cone photoreceptors play a dominant role, and their sensitivity peaks at 555 nm [22] . On the other hand, for human dark-adaptive vision, rod photoreceptors_ sensitivity peaks at 507 nm. Incidentally, it is somewhat interesting to learn that the value of the integral containing two overlapped humps is normally greater than that containing two further-separated humps. For example, as shown in Fig. 1 , Next, let us use the double Gaussian model for simulations of narrow-band SPDs of chips or QDs [30] , [31] . It can be written as
where H p , p , and w b represent the peak height, peak wavelength, and bandwidth (or known as fullwidth at half-maxima, FWHM). It is beneficial to compare the shape of this theoretical hump with experimental measurements. Experimental SPDs were obtained by measuring the spectra of InGaN-based multiple-quantumwell (MQW) blue LEDs, which were fabricated by using the metal organic chemical vapor deposition (MOCVD), with an area of 1 mm 2 . During measurements, samples were placed on the temperaturecontrolled heat sink, which was maintained at 300 K by Keithley 2510. The meter of Keithley 2611 was used to supply a current of 350 mA for illumination of LEDs. Finally, spectra were measured by using the SP320 spectrometer with an integration sphere manufactured by Instrument Systems Inc.
In Fig. 2 , experimental SPD of blue chips and the double Gaussian function are plotted versus the wavelength for R 2 9 0:99. A close agreement of these two curves is observed, and such closeness suggests that the analytical function shown in the figure can be safely used for filtering simulations. Since the SPDs of QDs also exhibit the Gaussian shape [24] , [25] , [31] , the same model can be used for all humps.
Hence, the SPDs of three-hump and four-hump white LEDs can be given, respectively, as
Ranges of wavelength are: (1) 430 $ 490 nm (blue, B), 500 $ 590 nm (green, G), and 600 $ 660 nm (red, R) for three-hump white LEDs; (2) 430 $ 490 nm (blue, B), 500 $ 540 nm (green, G), 550 $ 590 nm (yellow, Y), and 600 $ 660 nm (red, R) for four-hump white LEDs. Bandwidths of all narrow bands are 30 nm for convenience. These characteristic parameters are listed in Tables 1 and 2 given in the Appendix.
In general, there exists a tradeoff between CRI and S/P. Since the objective of this study is in search of maximum S/P ratios, an optimization procedure is needed. The filtering procedure of such optimization can be found in the literature in detail [31] . The filtering conditions in this work are specified as: CRI ! 70, CQS ! 60, and color distance ðD uv Þ G 0:0054 [26] . They are so selected because (1) the value of 70 can satisfy basic CRI performances, and (2) comparisons with experimental results in [25] can be conducted. For CCT specifications, we wish to vary as minimally as possible. To achieve this goal, we take increments of 10 K surrounding eight frequently-used values (namely, 2700 K, 3000 K, 3500 K, 4000 K, 4500 K, 5000 K, 5700 K, and 6500 K), and an increment of 1000 K surrounding 45 000 K. Fig. 3(a) shows the S/P ratios versus CCTs. It is observed that the ratio increases as CCT increases. The S/P ratio is larger than 3.80 for three-hump white LEDs and 3.90 for four-hump white LEDs, respectively, at CCT ¼ 45 000 K. Overall, these values are slightly higher than experimental counterparts [25] . In general, conditions for S/P 9 2.50 and CCT 9 5000 K are recommended. For example, at CCT ¼ 2700 $ 3000 K, the incandescent light bulbs exhibit 1.41 [25] , which is lower than 1.70 observed from the Figure. With the introduction of Fig. 1 , now we understand more readily why S/P increases as CCT increases. It is known that both S/P ratios and CCT values are generally proportional to percentages of shorter wavelengths in the visible light range. Fig. 3(b) indicates that CCT increases (or S/P increases from 1.90 increases to 3.74) as hump B shifts toward hump A. In Fig. 4 , S/P ratio and LER are plotted versus CCT to show the contrast for both three-hump and four-hump white LEDs. Since LER is expressed in the denominator in Eq. (1), it is expected to exhibit the opposite trend to S/P ratios. If optimizing both criteria of S/P ratios and LER values is 
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Studies of Scotopic/Photopic Ratios for LEDs desired, we can select the intersection of two curves for three-hump white LEDs and the same for four-hump white LEDs. The wavelength versus CCT for both three-hump and four-hump LEDs is plotted in Fig. 5 . In Fig. 5(a) , relatively drastic variations are observed for the blue hump, suggesting that, under different CCT values, large numerical variations should be taken during simulations. Between 3000 K and 3500 K of CCT values, the green wavelength drastically decreases, and remains unchanged elsewhere. For the red hump, wavelength ð R ¼ 620 nmÞ variations are negligible, recommending us to keep same values. In Fig. 5(b) , the trend of the blue hump for the four-hump case is similar to that of the three-hump case. Wavelengths for green and red humps remain leveled, while the yellow wavelength increases in the neighborhood of 4000 K and 4500 K CCT values. Fig. 6 shows the radiant power versus the wavelength under four CCT values (3000 K, 4500 K, 6500 K, and 45 000 K). For clarity, the normalized photopic and scotopic spectral luminous efficiency functions are also included. This figure can be used to explain the trend shown in Fig. 3(a) . For example, let us compare two cases at CCT ¼ 6500 K and CCT ¼ 45 000 K for three-hump white LEDs. In reference to Table 3 , we can see that, at CCT ¼ 6500 K, S/P value is equal to a 1 Ã ð0:489=0:417Þ, and at CCT ¼ 45 000 K, S/P value is equal to a 1 Ã ð0:533=0:346Þ. Therefore, clearly the S/P value at CCT ¼ 45 000 K is higher than that at CCT ¼ 6500 K, because 0.533 9 0.489 shown in the numerator and 0.346 G 0.417 shown in the denominator. Note that a 1 ¼ 1700=683.
In Fig. 7 , color coordinates of optimal SPDs under nine CCTs for three-hump and four-hump white LEDs are plotted in the CIE 1931 diagram, with the blue star representing 45 000 K. It is noticed that these color coordinates nearly coincide with the Planck locus, indicating a close chromatic agreement between the simulated results and the black body under the same CCT. In comparison of Fig. 7(a) and (b), color coordinates are located more closely to Planck locus in the former.
In the Appendix, Table 4 shows some optimal results according to S/P ratios for three-hump white LEDs obtained in this optimization procedure. From Table 4 , the maxima S/P is noticed to be 3.84 at CCT ¼ 45 000 K along with the value of LER of 236 lm/W. The optimal wavelength of blue, yellow, TABLE 3 Values of integrals expressed in the S/P ratios at CCT ¼ 6500 K and 45 000 K for three-hump LEDs and red colors of these color-tunable white LEDs are located within 471 $ 490 nm, 549 $ 558 nm, and $620 nm, respectively. Table 5 shows some simulation results for four-hump white LEDs. It is noticed that the S/P ¼ 3:92 and LER ¼ 238 lm/W at CCT ¼ 45 000 K. The value of S/P ratio is a little higher than that for three-hump white LEDs. Optimal wavelengths of blue, green, yellow, and red colors of four-hump color-tunable white LEDs are located within 465 $ 481 nm, $ 522 nm, 582 $ 591 nm, and $620 nm, respectively. The peak wavelengths, peak heights, photometric and colorimetric performances with CRI ! 70 and CQS ! 60, and D uv G 0:0054 at CCTs of 2700 K to 45 000 K for three-hump white LEDs   TABLE 5 The peak wavelengths, peak heights, photometric and colorimetric performances with CRI ! 70 and CQS ! 60, and D uv G 0:0054 at CCTs of 2700 K to 45 000 K for four-hump white LEDs
Conclusion
We investigate three-hump and four-hump InGaN-based white light-emitting diodes (LEDs) by conducting simulations and optimizations. Results of scotopic/photopic (S/P) ratios 9 3.80 and color rendering indices ðCRIÞ ! 70 for three-hump LEDs as well as S/P 9 3.90 and CRI ! 70 for fourhump LEDs under a CCT of 45 000 K have been obtained. Other results under 8 CCTs of 2700 K, 3000 K, 3500 K, 4000 K, 4500 K, 5000 K, 5700 K, and 6500 K have also been presented. Our finding confirms that S/P ratios increase as CCT values increase. Hopefully, the present study can serve as a reference for future experimental studies for multiple-hump LEDs.
